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D KLJK JHRPHWULFDO IOH[LELOLW\ 2Q WKH RWKHU KDQG ODVHU PDFKLQLQJ LV D WKHUPDO SURFHVV DQG &)53 H[KLELWV
KHWHURJHQHRXVWKHUPDOSURSHUWLHVGXHWRLWVFRPSRVLWHQDWXUH7KHUPDOFRQGXFWLYLW\FRHIILFLHQWVJODVVWUDQVLWLRQDQG




DO 7KH\ HYDOXDWHG WKHSHUIRUPDQFH RI GLIIHUHQW ODVHU V\VWHPV OLNH VKRUW DQG XOWUDVKRUW SXOVHG ODVHUV DQG
FRQWLQXRXVZDYHFZODVHUVRUIRFXVHGRQWKHLQIOXHQFHRIFHUWDLQSURFHVVSDUDPHWHUV)LQJHUHWDOUHSRUWHG
D GHFUHDVLQJ+$=ZKHQ XWLOLVLQJ D SLFRVHFRQG SXOVHG QHDULQIUDUHG ODVHU DW KLJK SXOVH UHSHWLWLRQ IUHTXHQFLHV LQ
FRPSDULVRQ WRD ORZSXOVHUHSHWLWLRQIUHTXHQF\ZLWKDQ LQFUHDVHGIOXHQFHDWDQHTXDODYHUDJH ODVHUSRZHU LQERWK
FDVHV/HRQHHWDOKDGEHHQXVLQJDQDQRVHFRQGSXOVHGQHDULQIUDUHGODVHULQWKHLUH[SHULPHQWVDQGIRXQGWKH
+$=LQFUHDVLQJZKHQORZVFDQQLQJYHORFLWLHVZHUHFRPELQHGZLWKKLJKSXOVHUHSHWLWLRQIUHTXHQFLHVGXHWRWKHKHDW
DFFXPXODWLRQ WKDW FRPHV ZLWK ODUJH SXOVH RYHUODSV 1HJDUHVWDQL HW DO  ZHUH REVHUYLQJ VLPLODU EHKDYLRXU
GXULQJWKHLUVWXGLHV7KH\KDGLQYHVWLJDWHGWKHHIIHFWRISURFHVVLQJJDVWRWKHIRUPDWLRQRID+$=DQGFRQFOXGHGWKDW
QLWURJHQHQULFKHGZLWKVRPHR[\JHQZDVLPSURYLQJFXWTXDOLW\7KH\DOVRQRWHGWKDW ORZSXOVHHQHUJLHVDQGKLJK
VFDQQLQJYHORFLWLHVDWPRGHUDWHSXOVH UHSHWLWLRQ IUHTXHQFLHV OHDG WRGHVLUDEOHSURFHVV UHVXOWV%OPHOHWDO 
FRPSDUHGDSLFRVHFRQGDQDQRVHFRQGSXOVHGDQGDFZODVHUGXULQJ&)53PXOWLSDVVFXWWLQJ7KHLUUHVXOWVVKRZWKDW
LQFUHDVLQJWKHVFDQQLQJYHORFLW\WKXVGHFUHDVLQJWKHSXOVHRYHUODSLVDPHDQRIUHGXFLQJWKH+$=+RZHYHUWKH\
DOVRZLWQHVVHGD VOLJKWO\GLIIHUHQWEHKDYLRXU IRU WKHFZ ODVHUZKHQ WKH+$=ZKLOH LQFUHDVLQJVFDQQLQJYHORFLW\














,Q WKLV DUWLFOH S\URPHWHU PHDVXUHPHQWV DUH SHUIRUPHG ZLWK D GRXEOHVFDQKHDG GXULQJ UHPRWH ODVHU FXWWLQJ
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7DEOH6SHFLILFDWLRQVRI-HQ/DVILEHUQV
3URSHUW\ 6\PERO 9DOXH 8QLW
:DYHOHQJWK Ȝ  QP
0D[ODVHUSRZHU 3/PD[  :
0D[SXOVHHQHUJ\ (3PD[  P-
3XOVHUHSHWLWLRQIUHTXHQF\IRUPD[SXOVHHQHUJ\ I3PD[  N+]
3XOVHGXUDWLRQDWN+] Ĳ  QV














,QRUGHU WRRSWLPLVH WKHHIIHFWLYHQHVVRI UHPRWH ODVHU FXWWLQJRQGLIIHUHQW&)53 WZRGLIIHUHQW VWUDWHJLHV IRU D
S\URPHWU\ EDVHG SURFHVV FRQWURO ZHUH HYDOXDWHG ORFNHGPRGH DQG LQGHSHQGHQWPRGH ,Q ORFNHGPRGH WKH
S\URPHWHU¶V PHDVXULQJ VSRW ZDV VWULFWO\ OLQNHG WR WKH ODVHU VSRW ZKHUHDV LQGHSHQGHQWPRGH DOORZHG LQGLYLGXDO
PRYHPHQWVRIERWKVSRWV6DPSOHVFRQWDLQHGDWHVWJHRPHWU\RIWKUHHSDUDOOHOOLQHVRIOHQJWKL PPWKDWZHUH
VSDFHGlO PPDSDUW7KHPLGGOHOLQHZDVFHQWUHGEHORZWKHGRXEOHVFDQKHDG7KHVHWKUHHOLQHVZHUHFXWLQWR
ERWK PDWHULDOV DW ș   DQG LQ FDVH RI 336 DOVR DW ș  RI WKH PDLQ ILEUH RULHQWDWLRQ $OO FXWV ZHUH
PRQLWRUHGE\WKHWKHUPRJUDSKLFFDPHUDIRUFRPSDULVRQ
7DEOH  VWDWHV WKH XWLOLVHG SURFHVVLQJ SDUDPHWHUV 7KH VFDQ MRE ZDV SURJUDPPHG WR ILQLVK FXWWLQJ WKH OLQHV
FRQVHFXWLYHO\
 
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7DEOH8WLOLVHGSURFHVVLQJSDUDPHWHUV
3URSHUW\ 6\PERO 9DOXH 8QLW
/DVHUSRZHU 3/  :
3XOVHUHSHWLWLRQIUHTXHQF\ I3  N+]
/DVHUVFDQQLQJVSHHG Y/  PPV
3\URPHWHUVFDQQLQJVSHHGLQORFNHGPRGH YSO  PPV
3\URPHWHUVFDQQLQJVSHHGLQLQGHSHQGHQWPRGH YSL  PPV
1XPEHURIVFDQQLQJUHSHWLWLRQVSHUOLQH   

)LUVWWKHWZRPDWHULDOVZHUHFXWZLWKRXWS\URPHWULFPHDVXUHPHQWVDVDUHIHUHQFH
'XULQJ ORFNHGPRGH S\URPHWU\ WKH S\URPHWHU ZDV GHWHFWLQJ WKH VXUIDFH WHPSHUDWXUH DW WKH ODVHU¶V FXUUHQW
SRVLWLRQ ,Q FDVH RI WKH VXUIDFH WHPSHUDWXUHT ULVLQJ SDVW D GHILQHG WKUHVKROG WHPSHUDWXUHTKRW SURFHVVLQJZRXOG
SDXVHXQWLOWKHWHPSHUDWXUHGURSSHGEHORZDVHFRQGWKUHVKROGWHPSHUDWXUHTFRRODQGWKHQFRQWLQXHFXWWLQJWKHOLQH
7KH VHFRQG VWUDWHJ\ ZDV LQGHSHQGHQWPRGH ZKHQ WKH S\URPHWHU ZDV DEOH WR QRW RQO\ GHWHFW WHPSHUDWXUH
UDGLDWLRQDWWKHODVHUEHDP¶VSRVLWLRQDWv/ PPVEXWDOVRDWRWKHUSRVLWLRQV,QWKLVPRGHRIRSHUDWLRQWKH
S\URPHWHU ZRXOG VFDQ DOO WKUHH OLQHV DW vSL PPV GXULQJ ODVHU SURFHVVLQJ DQG GHWHFW WKHLU VXUIDFH
WHPSHUDWXUHV:KHQHYHU WKHFXUUHQWSURFHVVHGOLQHZRXOGJHW WRRKRW WKHODVHUEHDPZRXOGSDXVHSURFHVVLQJWKDW







)RU WKHH[SHULPHQWV WKUHHGLIIHUHQW WHPSHUDWXUHVZHUH VHW IRU WKUHVKROG WHPSHUDWXUHTFRRO DFFRUGLQJ WR WDEOH
7KHWKUHVKROGWHPSHUDWXUHWRSDXVHSURFHVVLQJZDVVHOHFWHGWREHTKRW TFRRO&
 






















,W VKRZV WKDW WKH+$= LV VOLJKWO\ VPDOOHU IRU VDPSOHV WKDW KDYH EHHQ FXW DW ș  &RPSDULQJ ORFNHG DQG
LQGHSHQGHQWPRGH DW GLIIHUHQW WKUHVKROG WHPSHUDWXUHVTFRROVKRZV D WHQGHQF\ IRU VPDOOHU+$=ZKHQ XWLOLVLQJ WKH
LQGHSHQGHQWPRGH +RZHYHU D VLJQLILFDQW GLIIHUHQFH ZKHQ FRPSDULQJ WKUHVKROG WHPSHUDWXUHV GRHV QRW EHFRPH
REYLRXV

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(YDOXDWLQJWKHSURFHVVLQJWLPHWKHGLDJUDPVKRZVWKDWWKHLQGHSHQGHQWPRGHZDVDWOHDVWWZRWLPHVIDVWHUWKDQ
ORFNHGPRGH ZLWKLQ WKH VDPH WKUHVKROG WHPSHUDWXUH UHJLPH :LWK ULVLQJ WKUHVKROG WHPSHUDWXUH TFRRO WKH RYHUDOO
SURFHVVLQJWLPHtLVGHFUHDVLQJ+RZHYHUDFOHDUFRUUHODWLRQEHWZHHQILEUHRULHQWDWLRQDQGWLPHtLVQRWSRVVLEOH
7KH336 VDPSOHV FRQWDLQHG D VDWLQZRYHQFDUERQ ILEUH IDEULF7KHUHIRUH 336 VDPSOHVZHUH FXW DWș  LQ
DGGLWLRQWRș 'XULQJWKHH[SHULPHQWV+$=ZHUHJHQHUDWHGWKDWZHUHVOLJKWO\ODUJHUWKDQIRUWKHHSR[\








DQGPDLQ ILEUH RULHQWDWLRQ$VEHIRUH D FOHDU FRUUHODWLRQEHWZHHQ SURFHVVLQJ WLPH DQG ILEUH RULHQWDWLRQGRHV QRW
EHFRPH REYLRXV EXW DJDLQ LQGHSHQGHQWPRGH LV VLJQLILFDQWO\ IDVWHU WKDQ ORFNHGPRGH DQG DW DQ DOPRVW FRQVWDQW











ZD\VRIPRQLWRULQJ WKH ODVHUSURFHVV(LWKHUE\ V\QFKURQLVHGPRYHPHQWRI ODVHUEHDPDQGS\URPHWHUPHDVXULQJ
VSRWLQDVRFDOOHGORFNHGPRGHRUE\LQGHSHQGHQWO\FRQWUROOLQJWKRVHWZRV\VWHPV
7KHORFNHGPRGHFORVHO\UHVHPEOHVWKHFRQYHQWLRQDORQD[LVS\URPHWU\ZLWKWKHDELOLW\WRXVHGLIIHUHQWRSWLFDO
FRDWLQJV SHUIHFWO\ ILW IRU WKH LQGLYLGXDO SDWKV RI ODVHU DQG S\URPHWHU EXWZLWK D VPDOO GHYLDWLRQ RI WKH DQJOH RI
LQFLGHQFHRIWKHWZRRSWLFDOSDWKVRQWKHWDUJHW'XULQJODVHUSURFHVVLQJRI&)53WKLVORFNHGPRGHZDVFRPSDUHG
ZLWKWKHLQGHSHQGHQWPRGH,Q LQGHSHQGHQWPRGH LWZDVSRVVLEOH WRFRQWURO WHPSHUDWXUHVRQPXOWLSOHJHRPHWULHV
ZKLOHWKHODVHUZRXOGFRQWLQXHSURFHVVLQJRQHRIWKRVHJHRPHWULHV7KLVZDVUHDOLVHGE\LQFUHDVLQJWKHS\URPHWHU¶V
VFDQQLQJ YHORFLW\ E\ DQ RUGHU RI PDJQLWXGH 7KXV WKH S\URPHWHU ZRXOG GR VHYHUDO WHPSHUDWXUH VFDQV RQ DOO
JHRPHWULHV DQG GHFLGH EDVHG RQ WKH GHWHFWHG WHPSHUDWXUHV ZKHWKHU D JHRPHWU\ ZDV FOHDUHG IRU SURFHVVLQJ RU
QHHGHG WRFRQWLQXHFRROLQJGRZQ7KHFRPSDULVRQRI WKHVH WZRPRGHV IRFXVHGRQ WKH+$=DQGSURFHVVLQJ WLPH
GXULQJODVHUFXWWLQJRIFDUERQILEUHUHLQIRUFHGHSR[\DQG3367KRVHWZRSURFHVVFKDUDFWHULVWLFVZHUHLQYHVWLJDWHG
LQGHSHQGHQFHRIILEUHRULHQWDWLRQDQGWKUHVKROGWHPSHUDWXUH
7KLV VWXG\ GHPRQVWUDWHG WKDW WKH DELOLW\ WR LQGHSHQGHQWO\ VFDQ DOO JHRPHWULHV ZKLOH SURFHVVLQJ RQH RI WKHP
DOORZHG WR VLJQLILFDQWO\ UHGXFLQJ SURFHVVLQJ WLPH LQ FRPSDULVRQ WR ORFNHGPRGH S\URPHWU\ 'HSHQGLQJ RQ WKH
WKUHVKROG WHPSHUDWXUHSURFHVVLQJ WLPHZDV LPSURYHGE\ DSSUR[ IDFWRU WR LQ FRPSDULVRQ WR ORFNHGPRGH ,Q
UHJDUG WR WKH UHIHUHQFH VDPSOH WKLVZRXOG VWLOO EH DERXW WKUHH WLPHV VORZHU DWTFRRO & EXW WKH UHVXOWV DOVR
VKRZHGWKDWERWKS\URPHWU\PRGHVVLJQLILFDQWO\UDLVHGSURFHVVTXDOLW\ LQ WHUPVRI+$=E\DSSUR[ WZRRUGHUVRI
PDJQLWXGHLQUHODWLRQWRWKHUHIHUHQFHVDPSOH7KXVSURFHVVHIILFLHQF\ZDVFOHDUO\LPSURYHG
,W ZDV VKRZQ WKDW WKH+$= VL]H ZDVPDLQO\ DIIHFWHG E\ WKH WKUHVKROG WHPSHUDWXUH 6LQFH D KLJKHU WKUHVKROG
WHPSHUDWXUHZRXOGDOORZPRUHKHDWWREHVWRUHGLQWKHVXUIDFHEHIRUHWKHSURFHVVZDVSDXVHGWKHPDWHULDOLVPRUH
OLNHO\ WR UHFHLYH D ELJJHU +$=:KLOH WKH HSR[\ VDPSOHV¶ +$= VHHPHG WR VKRZ D VPDOO GHSHQGHQFH RQ ILEUH
RULHQWDWLRQZLWKFXWVSHUIRUPHGDWDQDQJOHRIș KDYLQJDVOLJKWO\VPDOOHU+$=LQFRPSDULVRQWRWKRVHFXWDW
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ș WKLVFRXOGQRWEHZLWQHVVHGRQWKH336VDPSOHV7KLVPLJKWEHGXHWRWKHDV\PPHWULFW\SHRIZHDYH,QRUGHU





7KLV UHVHDUFK ZDV FRQGXFWHG ZLWKLQ WKH (UD60( SURMHFW ³$¶4XLODFR ± $GYDQFHG RQOLQH TXDOLW\ DQG SURFHVV
FRQWURO IRUKLJK VSHHG ODVHUPDFKLQLQJRI FRPSRVLWHV´ DQGZDV VXSSRUWHGE\ WKH)HGHUDO0LQLVWU\ IRU(FRQRPLF
$IIDLUVDQG(QHUJ\%0:LRQWKHEDVLVRIDGHFLVLRQE\WKH*HUPDQ%XQGHVWDJ.)$%
7KHDXWKRUVZRXOG OLNH WRH[SUHVV WKHLUJUDWLWXGH WR0UV.'HODH\DQG0U09DQ%LHVHQDW1HZVRQ19IRU
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